New mapping, structural analysis, and 40 Ar/ 39 Ar dating reveal an unusually well-constrained history of Late Eocene extension in the Copper Mountains of the northern Basin and Range province. In this area, the northeast-trending Copper Creek normal fault juxtaposes a distinctive sequence of metacarbonate and granitoid rocks against a footwall of Upper Precambrian to Lower Cambrian quartzite and phyllite. Correlation of the hanging wall with footwall rocks to the northwest provides an approximate piercing point that requires 8-12 km displacement in an ESE direction. This displaced fault slice is itself bounded above by another normal fault (the Meadow Fork Fault), which brings down a hanging wall of dacitic to rhyolitic tuff that grades conformably upward into conglomerate. These relationships record the formation of a fault-bounded basin between 41.3 and 37.4 Ma. The results are consistent with a regional pattern in which volcanism and extension swept southward from British Columbia to southern Nevada from Early Eocene to Late Oligocene time. Because the southward sweep of volcanism is thought to track the steepening and foundering of the downgoing oceanic plate, these results suggest that the crucial mechanisms for the onset of regional extension were probably changes in plate boundary conditions coupled with convective removal of mantle lithosphere and associated regional magmatism and lithospheric weakening. Paleobotanical data indicate that surface elevations in northeastern Nevada were not significantly different than at present, suggesting that gravitational instability of overthickened continental crust was not the dominant force driving the onset of crustal thinning in mid-Tertiary time.
Introduction
During Late Cretaceous time, the Cordilleran margin of North America experienced an episode of contractional tectonics, the Sevier orogeny (Armstrong 1968) , that contrasts greatly with the widespread extension that ultimately formed the Basin and Range province in Cenozoic time. Considerable debate exists regarding the mechanisms responsible for this transition from regional contraction to extension (see review by Sonder and Jones 1999) . Several workers argue that Paleogene extension resulted from a release of potential energy associated with Mesozoic crustal thickening (Coney and Harms 1984; Axen et al. 1993; Janecke 1994; Wells 1997; Jones et al. 1998) . Others propose that widespread magmatism was critical, either in driv-tween the base of the overriding lithosphere and the downgoing slab (Best and Christiansen 1991) . A similar process is proposed by Humphreys (1995) , who argues that delamination of the shallowly subducting Farallon slab allowed for the upwelling of hot asthenosphere against the base of the lithosphere. Convective removal of thickened lithospheric mantle is another possible cause of Basin and Range extension (Platt and England 1994) . Detachment of dense mantle lithosphere would lead to an influx of hot asthenospheric mantle that could trigger melting and cause regional uplift due to mantle buoyancy, thus providing potential energy for horizontal extension (Houseman et al. 1981; Platt and England 1994; Sonder and Jones 1999) .
Distinguishing the relative contribution of the various mechanisms outlined above depends mostly on the answers to two questions: (1) Was the crust in a particularly overthickened condition at the onset of Paleogene extension? (2) What were the magnitude, kinematics, and timing of extensional systems relative to regional volcanism? Although the issues are simple, the resolution is difficult due to the complexity and patchiness of volcanism and extension in time and space on a regional scale (Axen et al. 1993) . Consequently, the answers to these questions do not depend on relationships in any one area but must emerge from regional synthesis based on careful documentation of field relationships in numerous critical areas.
The timing and magnitude of the early phases of extension in the northern Basin and Range is crucial to orogen-wide models for the driving forces of regional extension (Sonder and Jones 1999) . Nevertheless, regional Eocene extension in the northeastern Basin and Range has been widely suspected but only locally documented (Potter et al. 1995; Camilleri and Chamberlin 1997; Mueller et al. 1999) . To address these problems, this article documents an early extensional fault system in the Copper Mountains, Nevada, a previously littlestudied terrain in the northeastern Basin and Range province (figs. 1, 2). Because the Copper Mountains also preserve a history of Late Cretaceous shortening in the hinterland of the Sevier fold and thrust belt, they shed light on the fundamental tectonic transition from Late Cretaceous contraction to Tertiary extension. Significantly, the area also contains a well-studied Eocene flora that affords a rare opportunity to characterize Early Tertiary paleoelevation (Axelrod 1966; Povey et al. 1994; Wolfe et al. 1998) . New geochronological and structural data presented here constrain the timing, magnitude, and kinematics of extension in the Copper Mountains with important implications for the causes and evolution of extension in the northern Basin and Range.
Pre-Tertiary Geologic History
The Copper Mountains and surrounding areas expose a sequence of Late Precambrian and Early Paleozoic metasedimentary rocks interpreted to record passive margin sedimentation. The Copper Mountains are composed of phyllite and quartzite of the Precambrian McCoy Creek Group and the overlying Cambrian Prospect Mountain Quartzite (Coats 1987) . Above these units is the Ordovician Tennessee Mountain Formation, which consists of laminated and thinly bedded marble and siltstone with a minimum thickness of approximately 1600 m (Bushnell 1967) .
These upper Proterozoic-lower Paleozoic metasedimentary rocks contain a phyllitic cleavage (S 1 ) commonly overprinted by a northeast-striking, steeply dipping crenulation cleavage (S 2 ) oriented parallel to the axial surfaces of northeast-trending outcrop-scale to map-scale folds. Field observations suggest that the second deformational event was synchronous with the intrusion of the Coffeepot Stock, a granodiorite body intruded during the late Cretaceous (McGrew et al. 2000b ). The eastern part of the stock displays a weak solid-state grain shape foliation developed under greenschist facies conditions and striking parallel to the crenulation cleavage. Some dikes emanating from the eastern part of the stock are involved in folding, whereas others cut folds, implying that the stock must have been emplaced synkinematically with the second deformational event (McGrew et al. 2000b ). The older cleavage (S 1 ) is constrained only to predate the emplacement of the Cretaceous stock, but similar deformation in the Mountain City area has been bracketed between Triassic and Late Jurassic (Little 1987) . Tectonic burial and imbrication of the Late Proterozoic to Ordovician metasedimentary sequence may also date to this time period because the Coffeepot Stock cuts premetamorphic thrust faults north of Copper Mountain (McGrew et al. 2000b) .
The Coffeepot Stock consists mostly of mediumgrained hornblende biotite quartz monzonite. Locally, it contains distinctive cream-colored euhedral orthoclase phenocrysts up to 2.5 cm in size. Biotite and hornblende typically compose 5%-10% of the rock, although hornblende is not universally present. Accessory phases include euhedral apatite, sphene, allanite, and magnetite. Chlorite frequently appears as an alteration product of biotite, and secondary epidote and white mica are also present locally. Feldspar is usually at least partially sericitized. Numerous small, late-stage aplitic and pegmatitic dikes cut the pluton. In immediate proximity to the stock, the Tennessee Mountain Formation has been metasomatized to form a distinctive, 3-4-m-thick garnet-epidote skarn. Locally, andalusite and staurolite appear to be pre-or synkinematic with respect to phyllitic cleavage, but andalusite also grew postkinematically to phyllitic cleavage in the contact aureole of the Cretaceous pluton.
The depth of burial of the above terrain is approximately constrained by plutonic and metamorphic relationships. The Coffeepot Stock evinces a generally mesozonal character, with relatively coarse grain size even near its margins and a broad contact aureole that merges distally into regionally metamorphosed rocks. The presence of andalusite in the contact aureole of the stock re- Carmichael (1978) . The absence of cordierite in the contact aureole further supports this minimum pressure estimate, as does the widespread occurrence of stable hornblende in the granitoid, suggesting that fluid pressure (and therefore total pressure) was probably not !2 kb, assuming that water content was greater than ∼3.5% (Naney 1983) . Taken together, these relationships suggest that the pluton intruded at depths of at least 8 km but no more than 14 km. The history of crustal shortening that led to tectonic burial of this terrain is a matter of continuing debate (cf. Coats and Riva 1983; Ketner et al. 1993; Ketner 1998 ), but it is clear that, before Tertiary extension, a stack of thrust sheets related to Paleozoic and Mesozoic contraction overlay the entire area. These units have since been tectonically and erosionally removed, and Late Eocene tuffs unconformably overlie all of the above structural and stratigraphic features.
Geology of Copper Basin
The Copper Mountains are bounded to the east by two east-dipping low-angle normal faults that drop down the Copper Basin fault block to the east ( fig.  2B ). The westernmost of these faults, the Copper Creek Fault, is excellently exposed along Copper Creek on the southeastern flank of Copper Mountain, where it is oriented 020Њ, 30Њ. In this area, the fault separates the Late Eocene Dead Horse Formation above from the Late Proterozoic to Cambrian quartzite and phyllite sequence below. The fault itself is conspicuously marked by a ledge of extremely fine-grained, flinty-textured quartzite mylonite approximately 1-2 m thick. Petrographic observation of the fault rock reveals an extremely homogeneous mass of fine, polygonal quartz grains with a mean grain size of !10 m. Overprinting the early history of ductile strain is a later history of brittle deformation, documenting the ductilethrough-brittle evolution of the fault system. The fault surface is locally brecciated and contains slip lineations with an average orientation of 22Њ, 131Њ ( fig. 3 ) and meter-scale swales with a trend ∼135Њ. These features indicate that movement on the Copper Creek Fault was mostly dip slip toward the southeast. Although the fault currently dips 25Њ-30Њ southeastward, a package of Tertiary sedimentary and volcanic rocks in the hanging wall dips 20Њ-30Њ northwestward ( fig. 4) . Thus, assuming the hanging-wall strata were horizontal before faulting, the initial dip of the faults must have been 45Њ-60Њ SE. Although the faults could not have cut through the upper crust at an initially low angle, their inclination could have decreased listrically at depth.
In the northern part of Copper Basin, a fault slice of intensely deformed, fine-grained marble and calcareous phyllite intervenes between the quartzite and phyllite sequence to the west and the Tertiary volcanic-sedimentary sequence to the east. The western contact of this fault slice is interpreted as the northward continuation of the Copper Creek Fault, whereas the eastern contact is a splay off the Copper Creek Fault, here named the "Meadow Fork Fault" (fig. 2B ). The marble/phyllite sequence in the intervening fault slice is intruded by a small body of quartz monzonite, and the contact aureole is marked by a well-developed skarn, contact relationships similar to those of the Coffeepot Stock farther west. Since the quartz monzonite is older than the Copper Creek Fault and does not intrude the footwall of the fault in this area, the Copper Creek Fault probably transported it to its current location.
All available evidence supports the hypothesis that this fault slice correlates with rocks exposed in the footwall of the Copper Creek Fault near Ten- 
nessee Mountain approximately 10 km NW. The lithology and deformational style of the finegrained marble and calcareous phyllite of the Copper Basin fault slice closely resemble the Tennessee Mountain Formation to the west. Both localities show early cleavages that were overprinted later by folding. In addition, the field relationships and mineralogy of the skarn exposed in the Copper Basin fault slice is remarkably similar to the skarn observed near Tennessee Mountain. Both assemblages are dominated by massive grossular-andradite garnet with associated epidote, diopside, hornblende, and calcite as well as the ore minerals scheelite, molybdenite, and powellite (Lapointe et al. 1991) . Also, both areas are cut by northwest-striking quartz veins. Moreover, as described below, the plutonic rocks of the Copper Basin fault slice are similar in age to the Coffeepot Stock. The lower part of the sequence of Tertiary volcanic and sedimentary rocks that overlie the Copper Creek and Meadow Fork faults consists of the Dead Horse Formation, an approximately 1600-mthick package of crystal-vitric and pumiceous tuffs and tuffaceous sediments. The composition of the tuffs ranges from biotite-hornblende dacite to biotite-hornblende quartz latite to biotite rhyolite tuff (Coats 1964) . This unit dips northwestward with an average orientation of 217Њ, 22Њ ( fig. 4 ).
South of Copper Basin, this unit rests unconformably on Paleozoic limestone, which is also in the hanging wall of the Copper Creek Fault ( fig. 2A ). The lower part of the Dead Horse Formation consists predominantly of massive devitrified welded tuff ranging from pale gray to pale brown, white or green in color. The proportion of sedimentary rocks increases upward through the formation.
The upper part of the Dead Horse Formation ranges from tuffaceous shale (lake beds) to tuffaceous arkose and pebble-cobble conglomerate, all interbedded with white airfall tuffs. The ashy lacustrine shales contain abundant fossilized plants representing a Late Eocene temperate, mixed conifer-deciduous hardwood flora that lived near a lake formed in a narrow, northeast-trending, faultbounded basin (Axelrod 1966) . Tuff layers are interspersed throughout but become less dominant upward through the sequence. Poorly sorted, matrix-supported pebble and boulder conglomerates interpreted as debris flows become more conspicuous near the top of the section and are dominant in the overlying Meadow Fork Formation.
The Dead Horse Formation grades conformably upward into the Meadow Fork Formation, a poorly sorted, poorly bedded, matrix-supported conglomerate containing clasts of quartzite, marble, phyllite, skarn, and abundant granitoid boulders up to 1 m in diameter. Bedding is massive, and sedimentary structures, such as pebble imbrication and cross-bedding, are generally absent although channel cuts filled with grain-supported conglomerate are present locally. The granitoid boulders are commonly spheroidal, but most other clasts are angular to subangular. Volcanic tuffs are present locally but are much less abundant than in the underlying Dead Horse Formation. The average orientation of the Meadow Fork Formation is 216Њ, 21Њ, nearly identical to the underlying Dead Horse Formation ( fig. 4 ). The Meadow Fork Formation is not fossiliferous and is only constrained to be younger than the uppermost Dead Horse Formation and older than the Seventy-Six Creek Basalt, which overlies it with angular unconformity.
The stratigraphic architecture outlined above and the presence of sparse metamorphosed footwall clasts indicate that extension on the Copper Basin fault system probably began during deposition of the upper part of the Dead Horse Formation. The bulk of extension probably postdates eruption of the basal tuffs of the Dead Horse Formation for two reasons. First, the Dead Horse Formation is not rotated significantly more than the overlying Meadow Fork Formation (fig. 4) . Second, the pebbly horizons in the upper part of the Dead Horse For- The discussion here is based on customary age spectra. Table 1 also presents the results of the isotope correlation approach, but these results are not further discussed because they generally reinforce the interpretations of the age spectra but do not provide additional insights. Except for a few, generally small, low-and very high-temperature fractions, the spectra are internally concordant or show only restricted discordance. Half of the mineral separates yield plateaus under strict definition (see table 1), and for these samples, the term "age" used below implies a plateau age. The remainder of the samples display some discordance, but all still have broad "plateau" regions covering most of the Ar release; over these regions, variations in apparent age exceed somewhat those expected from analytical uncertainties alone, but this discordance is relatively minor. In these cases, "approximate plateau ages" are defined. In general, this minor discordance is attributed to impurities and alteration with concomitant 39 Ar recoil effects consistent with observed concomitant K/Ca variations and petrography. Although less confidence is attached to the approximate plateau ages, they also are interpreted to carry geological significance.
Cooling History of the Coffeepot Stock. For the Coffeepot Stock (table 1; figs. 2A, 5A-5I) hornblende yields ages ranging from 103.7 to 106.8 Ma. Except for sample 970709-3C, which is discussed below, biotite yields ages that are consistently somewhat younger than the corresponding hornblende ages ranging from 99.2 to 104.7 Ma. Among all these mineral specimens, biotite samples 980730-3 and 980730-7 show the most significant internal discordance ( fig. 5D, 5F ). Both show similar spectra consisting of approximate plateaus broken in the middle by depressed apparent ages for the 800Њ-1000ЊC temperature increments. Concomitant K/Ca variations suggest that these fractions reflect release of 39 Ar recoiled into a relatively Ar/ 39 Ar age of 165.3 Ma. The age for this monitor was determined by simultaneous cross calibration with several monitors including the Fish Canyon Tuff biotite standard (FCT-3) with an age of 27.84 Ma. A systematic uncertainty of 1% is assigned to all ages in order to allow for uncertainties in the standards against which PM-1 was calibrated; this uncertainty is not included in the uncertainties given. a Weight percentage of potassium in the bulk separate determined by the total quantity of 39 Ar produced during neutron irradiation and released during incremental-heating analysis. b Integrated (or total-gas) age in Ma derived from the summation of all fractions of the incremental-heating analysis. c Plateau age in Ma, with 1j uncertainty, derived from the incremental-heating spectrum. d Percentage of total 39 Ar in the plateau fractions. A "plateau" is defined as contiguous fractions constituting a majority of the 39 Ar released where the apparent-age variations among fractions may be accounted for with analytical uncertainties. A plateau encompasses as many fractions as possible (except where fraction uncertainties are very large) where ages agree with the plateau within their ‫2ע‬j uncertainties. Where this strict definition is not observed and variation among plateau fractions is minor but still exceeds analytical uncertainties, an approximate plateau is defined (see fig. 6 ). In these cases, the indicated plateau age is enclosed in quotation marks. e Isotope-correlation age (in Ma), with 1j uncertainty, derived from the 36 calcic inclusion phase. Petrographically, these rock samples are slightly deformed and show limited secondary alteration involving the partial replacement of biotite by chlorite and/or epidote along laminae parallel to the basal plane. In addition, sphene and, less commonly, apatite are present locally as inclusions in biotite. Breakdown of any of these phases could produce the inferred recoil effects, thus explaining the modest discordance of these spectra. Except for the limited secondary alteration effects described above, the western part of the pluton shows no evidence of postemplacement metamorphism. Accordingly, the above ages are interpreted to record cooling following emplacement of the pluton. Two samples from the western part of the pluton (980730-1 and 980730-3) yield ages for both hornblende (105.1 and 103.7 Ma) and biotite (101.4 and 99.2 Ma; fig. 5A-5D ). The age difference in both cases is ∼4 m.yr. Assuming hornblende and biotite closure temperatures of 500Њ and 300ЊC, respectively, the apparent cooling rate was ∼50ЊC/ m.yr. Furthermore, assuming a solidus temperature of ∼700ЊC and a constant cooling rate suggests that the pluton crystallized at ∼108-109 Ma.
Sample 970721-4C from a small body of granite in the Copper Basin fault slice yields slightly older plateau ages ( fig. 5G, 5H ) for both hornblende (106.8 Ma) and biotite (104.7 Ma) for a difference of ∼2 m.yr. Using the same assumptions as above, these ages imply a significantly higher cooling rate of ∼100ЊC/m.yr. but a similar crystallization age of ∼109 Ma. Thus, the granitoid of the Copper Basin fault slice probably crystallized at the same time, or nearly so, as the Coffeepot Stock. In addition, the slightly older cooling ages and the higher rate of cooling are consistent with the hypothesis that this fault slice is an allochthonous piece of the upper part of the Coffeepot Stock. In the tectonic reconstruction favored below, this fault slice would originally have overlain the western part of the pluton.
Biotite sample 970709-3C from the eastern part of the Coffeepot Stock yields a somewhat discordant spectrum with an approximate plateau age of Ma for a broad region covering 88% of 93.0 ‫ע‬ 0.3 fig. 5I) . Although a strict plateau is not observed, this biotite clearly gives a younger age than the biotites discussed above from the western part of the pluton ( fig. 2A) . Petrographically, this sample displays a well-defined foliation and much more extensive secondary alteration than those from the western part of the pluton. Sericitic alteration is abundant, and biotites are commonly mottled in appearance and more extensively replaced by chlorite and epidote, raising the possibility that the 93-Ma age records cooling following metamorphism rather than simple conductive cooling following emplacement of the granitoid. This suggests that the eastern part of the pluton may have intruded deeper levels and cooled more slowly than the western part of the pluton. This interpretation is consistent with the observation that the eastern part of the pluton intrudes deeper stratigraphic levels and carries a solid-state foliation and a greenschist facies overprint that is less evident to the west. In addition, the eastern part of the pluton occupies the footwall of the Miocene-aged Bruneau Valley normal fault system ( fig. 2A ) and so would be expected to restore back to deeper structural levels than the western part of the pluton according to the tectonic reconstruction developed below.
Age Relationships in Tertiary Volcanic/Sedimentary
Sequence. Two samples from the Dead Horse Formation yield 40 Ar/ 39 Ar results that bracket the age of the Dead Horse Formation and therefore the initiation of the Copper Basin fault system. Strongly oxidized biotite from near the base of the Dead Horse Formation yields a somewhat disturbed spectrum that nevertheless defines a plateau age of Ma over most of the 39 Ar released (figs. 41.3 ‫ע‬ 0.1 2A, 5J). This rock consists of welded, dark olive green ash-flow tuff with abundant phenocrysts of oxidized biotite and plagioclase in the oligoclase/ andesine range. A sanidine age of Ma 37.4 ‫ע‬ 0.2 comes from a sample of white airfall tuff from the uppermost part of the Dead Horse Formation, thereby constraining the age of one of the final pulses of Late Eocene volcanism ( figs. 2A, 5K ). In addition to sanidine, this rock also contains abundant phenocrysts of plagioclase and quartz and sparse phenocrysts of biotite and hornblende, the latter occurring mostly in pumice fragments. The groundmass is glassy and contains abundant bubblewall shards. K/Ca ratios and K are lower than expected for sanidine, so it is likely that a small amount of plagioclase (‫ע‬quartz) are included in the sanidine separate. The fossiliferous lake beds described by Axelrod (1966) lie between the two dated horizons, thus bracketing the age of lacustrine deposition. Since the lake beds and the associated coarse clastic strata are interpreted to be early syntectonic with respect to an evolving fault-bounded basin, this implies that the Copper Creek-Meadow Fork normal fault system also formed between 41.3 and 37.4 Ma.
The Copper Creek/Meadow Fork Fault system ceased to be active before eruption of the SeventySix Creek Basalt and the overlying Jarbidge volcanic sequence. The Seventy-Six Creek Basalt yields an 40 Ar/ 39 Ar plagioclase age of Ma ( fig. 5L ), 16.5 ‫ע‬ 0.2 providing a minimum age for the cessation of faulting. However, due to the inferred high sedimentation rate and the conformable nature of its basal contact, the Meadow Fork Formation is inferred to be latest Eocene or Early Oligocene in age.
Extensional Fault Reconstruction
The history of faulting in the Copper Mountains is summarized in figure 6 . The initial geometry at ∼42 Ma is illustrated by figure 6A . Before the onset of extension, the Upper Proterozoic and Lower Paleozoic sediments had been metamorphosed, foliated and folded at least twice, tectonically buried beneath thrust sheets of western facies and Havallah sequence rocks, and intruded by the Coffeepot Stock. Metamorphic phase relationships in the contact aureole of the Coffeepot Stock indicate that it intruded at pressures of 2.2-3.75 kb, equivalent to depths of 8-14 km. In addition, a thrust-thickened package of sedimentary rocks as young as Triassic occupies the hanging wall of the Copper Creek Fault system and must restore back to a position overlying the Copper Mountains area when Ter-tiary extension is removed (see below). In sum, the lower plate of the Copper Creek Fault system was probably exhumed from paleodepths of ∼11 ‫ע‬ 3 km.
Normal faulting began between 41.3 and 37.4 Ma during the final stages of a major episode of tuffaceous volcanism represented by the Dead Horse Formation. As the fault block moved southeastward, it generated significant topographic relief that resulted in the erosion of footwall rocks and their subsequent incorporation into the Meadow Fork Conglomerate. The dominance of granitoid clasts in the Meadow Fork Formation suggests that at the time of deposition, the Meadow Fork basin was much closer to the Coffeepot Stock than at present, and subsequent displacement translated it progressively toward the southeast ( fig. 6B) .
The Copper Basin fault slice is inferred to be an allochthonous slice of the Coffeepot Stock and its country rock, the Tennessee Mountain Formation, which is exposed approximately 10 km to the westnorthwest of Copper Basin. Therefore, the intrusion provides a cutoff constraining the apparent displacement on the fault. Map relationships require that movement on the Copper Creek normal fault was a minimum of 8 km, possibly up to 12 km or more, in a southeasterly direction. Displacement on the overlying Meadow Fork Fault is not constrained but must be of comparable magnitude in order to juxtapose the Tertiary volcanic and sedimentary sequence down against the metamorphosed strata and associated plutonic rocks of the Copper Basin fault slice.
These data also constrain the age of faulting. Field relationships require that faulting postdates the Cretaceous Coffeepot Stock and predates the 16.5-Ma Seventy-Six Creek Basalt and the overlying Jarbidge Rhyolite, which is deposited unconformably on both the hanging-wall and footwall blocks. In addition, abundant lower plate clasts in the Meadow Fork Conglomerate indicate that the footwall rocks had been exhumed to the surface by the time of Meadow Fork deposition. Moreover, the conformable contact between the Dead Horse Formation and the Meadow Fork Conglomerate suggests that significant extension began during the final stages of tuffaceous volcanism and continued after volcanism ceased. Lake and conglomeratic deposits in the upper part of the Dead Horse Formation also suggest the formation of a northtrending, fault-bounded basin (Axelrod 1966) , and 40 Ar/ 39 Ar results bracket the age of that basin between 41.3 and 37.4 Ma.
Along the Bruneau Valley west of the Copper Mountains, the Jarbidge Rhyolite is itself cut by a complex network of steep, north-to-northeasttrending normal faults and rotated to dips of 10Њ-20Њ SE ( figs. 2A, 6C ). Overlying the Jarbidge Rhyolite in the Bruneau Valley is a thin sheet of conglomerate, the Young America Gravel (Bushnell 1967) , that is, in turn, overlain by the Idavada Volcanics (Malde and Powers 1962) . The Young America Gravel consists of angular to subrounded cobbles and boulders of quartzite and rhyolite 2 cm-1 m in diameter, suggestive of a syntectonic deposit. In addition, the outcrop pattern of the Young America Gravel and the Idavada Volcanics appears to be largely fault controlled along the Bruneau Valley. Nevertheless, the Young America Gravel and the Idavada Volcanics are rotated less than the underlying Jarbidge Rhyolite. The Idavada Volcanics in the Bruneau Valley have not been directly dated but are thought to be Late Miocene (Coats 1987) , and the Bruneau Valley fault system is probably the same age.
Displacement on the Bruneau Valley fault system is probably not strictly dip slip because it appears that the southern margin of the Coffeepot Stock may have been translated up to 2 km toward the southwest, thus introducing a limited uncertainty into cross section reconstruction due to a small component of out-of-the-plane motion. For the purposes of cross section reconstruction, the vertical throw on the Bruneau Valley fault system is estimated to be ∼2 km based on restoration of the base of the Jarbidge Rhyolite to a similar level as the flat-lying exposures of Jarbidge Rhyolite on the east side of the Copper Mountains. Following cessation of Miocene volcanism and activity on the Bruneau Valley fault system, erosion leads to the modern cross section ( fig. 6C ).
Discussion
Data from the Copper Mountains are consistent with several regional geologic patterns observed throughout the northeastern Basin and Range province. The age and lithology of the Dead Horse Formation correlates well with the northeastern Nevada volcanic field of Brooks et al. (1995) , extending this volcanic province to the Copper Mountains and nearby areas. As indicated by Brooks et al. (1995) , widespread siliceous volcanism permeated northeastern Nevada during Late Eocene time. Notably, this volcanism is similar in style and composition but slightly younger in age than the Challis volcanics extensively exposed in Idaho on the northern side of the Snake River Plain (Janecke and Snee 1993; Janecke et al. 1997) .
Although slightly younger, the style of faulting and basin development in the Copper Mountains resembles that observed north of the Snake River Plain. Janecke (1994) (Janecke 1994; Janecke et al. 1997) .
The similarity in geologic framework between the Copper Mountains and the extensional province of east-central Idaho suggests a genetic link and forges a new connection across the Snake River Plain. A southward sweep of volcanism along the length of the Cordillera has been documented by many studies (Armstrong 1970; Lipman et al. 1972; Gans et al. 1989; Armstrong and Ward 1991; Axen et al. 1993) , and the data presented here reinforce this pattern. A number of workers argue for a strong correlation between the onset of volcanism and the onset of regional extension (e.g., Gans et al. 1989; Armstrong and Ward 1991) , but others see a much weaker or no correlation (e.g., Best and Christiansen 1991; Axen et al. 1993; Janecke 1994) . As noted by Axen et al. (1993) , the divergent views in part reflect a problem of scale. For example, Armstrong and Ward (1991) identified large-scale correlations between extension and magmatism on the scale of the whole Cordillera based on 10-million-year time frames and regions hundreds of kilometers wide. In contrast, Janecke (1994) focused primarily on eastcentral Idaho and adjacent areas and recognized no southward progression of extension at that scale.
In the Copper Mountains, peak volcanism is concomitant with the onset of extension. The extensional basins of Janecke (1994) to the north in Idaho and of Gans et al. (1989) to the south in east-central Nevada follow a similar pattern, and the extension in the Copper Mountains appears to fill the gap between them, both spatially and temporally. Although Janecke (1994) has shown that the precise timing of extension does not progress southward through Idaho, the general pattern of volcanism and extension sweeping southward through time still appears to hold when the dates for the onset of extension at each latitude are compared on the scale of the entire Cordillera. Eocene extension began in British Columbia and Washington by ∼52 Ma (Parrish et al. 1988) , followed by Middle Eocene extension in Idaho (beginning ∼50-46 Ma; Janecke 1994; Foster and Fanning 1997) , and Late Eocene extension in northeastern Nevada according to this study. The onset of extension farther south in eastcentral Nevada was still younger (∼37-35 Ma; Gans et al. 1989 Gans et al. , 2001 ). This apparent southward progression of extension in sync with volcanism supports the idea that thermal weakening of the lithosphere was a crucial trigger mechanism for the onset of mid-Tertiary extension. In contrast, if gravitational potential energy stored in thickened continental crust was the primary driving force for extension, then there would be no reason to expect a geographic progression in the timing of the initiation of extension or correlation with the onset of volcanism.
Consequently, it is important to consider whether the timing of extension relative to volcanism in the Copper Mountains is truly representative of the northeastern Basin and Range province in general. Several workers have identified early phases of cooling, partial deep-crustal unroofing, or angular unconformities or normal faulting in the northeastern Basin and Range Province during the crucial pre-40-Ma time frame (e.g., Smith and Ketner 1978; Miller et al. 1987; Wells et al. 1990 Wells et al. , 2000 Hodges and Walker 1992; Ketner and Alpha 1992; McGrew and Snee 1994; Brooks et al. 1995; Potter et al. 1995; Dubiel et al. 1996; Camilleri and Chamberlin 1997; Wells 1997; McGrew et al. 2000a ). However, despite these efforts to document older crustal thinning, few, if any, surface-breaking normal faults in northeastern Nevada have been firmly documented to significantly predate the Late Eocene. If crustal thinning did occur before this time frame, it may have been mediated by processes other than surface-breaking normal faults, such as deep-crustal flow (e.g., McGrew et al. 2000a ).
The crustal gravitational-collapse hypothesis is further weakened by evidence suggesting that the crust of northeastern Nevada was not especially overthickened by Middle Eocene time. As pointed out by Jones et al. (1998) , gravitational collapse requires regional elevations of at least 2-3 km, assuming a crustal thickness of 50-70 km and an average crustal density of 2.8 g/cm 3 . Several recent paleobotanical investigations that include the Copper Basin flora (e.g., Povey et al. 1994; Wolfe et al. 1998) conclude that the elevation of the basin during the Eocene was similar to what it is today, ∼2 km. Although these studies of paleoelevation are subject to large uncertainties and are hampered by the sparsity of the fossil record, they do not support the dramatic reduction in surface elevation that gravitational collapse predicts.
Evidence for a widespread, low-relief landscape in northeastern Nevada further challenges the proposition of excessively thickened crust and high surface elevations before Late Eocene extension. Of particular concern is the origin of the lacustrine deposits, the Elko and White Sage Formations, that are widely distributed across Elko County and that appear to predate the onset of extension (Brooks et al. 1995; Dubiel et al. 1996) . These lake beds consist mostly of fine-grained facies that suggest a lowrelief landscape. They occur primarily in two depocenters: one in the vicinity of Elko in western Elko County (the Elko Basin; Solomon et al. 1979; Moore 1982a, 1982b ) and the other near Gold Hill along the Nevada-Utah state line (the White Sage Basin; Dubiel et al. 1996) . However, sporadic outcrops of ostracodal lacustrine limestone also occur between the two major depocenters raising the possibility that they may once have been connected in a regionally extensive lake system (Brooks et al. 1995; Potter et al. 1995; Dubiel et al 1996) . Throughout Elko County, these strata are deposited on Upper Paleozoic or Mesozoic strata, indicating that regional denudation of the landscape and partitioning into relatively small, discrete basins had not yet begun by Early Eocene time, and the strata record no definitive evidence of nearby tectonism at this time (Dubiel et al. 1996) .
Taken together, these results suggest that the seminal event triggering the onset of regional extension in the northern Basin and Range Province was not crustal gravitational collapse but rather lithospheric thermal weakening recorded by the southward-sweeping passage of the volcanic front. In this view, the mantle lithosphere was thinned and weakened as hot, upwelling asthenosphere flowed in to fill the southward-opening wedge created either by the steepening and foundering of the subducted plate (Lipman 1980) or by delamination of the Farallon slab (Humphreys 1995) at the end of Laramide time. Earlier thickening of the crust during Mesozoic orogenesis probably contributed to extension and may even have been a necessary precondition, but crustal overthickening alone was probably insufficient to trigger extensional collapse without thinning and weakening of the mantle lithosphere to provide additional gravitational potential energy (Liu and Shen 1998) . Conversely, models that invoke thinning or disappearance of the dense mantle lid are compatible with buoyant uplift of the crust simultaneously with regional extension and volcanism (Jones et al. 1998 ). In addition to providing an active driving force for extension, asthenospheric upwelling would also amplify any tendencies toward intra-arc or retro-arc extension due to decelerating convergence rates at the plate boundary starting at about 50 Ma (Engebretson et al. 1985) . Even if Late Cretaceous and Early Tertiary crustal thickness was modulated by gravitationally driven thinning, mantle processes would be required to create the modern Basin and Range province (Liu and Shen 1998; Sonder and Jones 1999) .
Conclusions
Starting at ∼42 Ma, a pulse of silicic volcanism occurred throughout northeastern Nevada, represented by eruption of the tuffs within the Dead Horse Formation in the Copper Mountains area. This unit rests on upper Paleozoic strata and was early syntectonic with respect to the Copper Basin fault system, a significant normal fault with 8-12 km displacement based on restoration of a displaced slice of the Cretaceous Coffeepot Stock and its country rock. The Copper Basin fault system exhumed rocks from depths of ∼ km. This 11 ‫ע‬ 3 system was subsequently modified by Miocene volcanism and associated small-scale extension.
The style and age of Paleogene tectonism in the Copper Mountains reinforce a regional pattern of southward-sweeping volcanism and extension from British Columbia to southern Nevada from Early Eocene to Late Oligocene time. Paleoelevation data and the existence of widespread Early Eocene lacustrine strata deposited on upper Paleozoic or Mesozoic rocks suggest that the crust of northeastern Nevada was only moderately thickened during the onset of Late Eocene extension. Consequently, gravitational instability due to crustal thickening was only a contributing factor and not the primary force driving the transition from regional contraction to extension. Rather, the key trigger mechanisms were probably changes in plate boundary conditions coupled with lithospheric weakening associated with regional magmatism. 
